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Solid films and transports in cellular foams
We show that critical path ideas lead to the identification of two local characteristic sizes for the long wavelength acoustic properties in cellular solids, the pore and throat sizes. Application of the model to real foam samples, which may contain solid films or membranes yields quantitative agreement between a finite-element numerical homogenization approach and experimental results. From three routinely available laboratory measurements: the open porosity /, the static viscous permeability k 0 , and the average struts length L m obtained from microscopy analysis; asymptotic transport parameters at high-frequencies and the normal incidence sound absorption coefficient are derived with no adjustable parameters. Solid films or membranes in real porous media such as polyurethane or metallic foams only account for a very small fraction of material in the overall mass of the porous media. Yet, their role might be of primary importance in the understanding of transport and acoustical properties of these foams. As a long wavelength wave propagates, the viscoinertial and thermal interactions between the disordered interconnected pores and the surrounding air pose a fundamental physical challenge in the microstructural identification of features, which are characteristic of the overall transport phenomena. Part of the solution of this problem lies in the fact that the overall dissipation of the real porous media is expected to be dominated by a few key linkages 1, 2 responsible for the main energy dissipation mechanisms; and in the successful identification of the critical-path responsible for viscous ones.
3 Here, we demonstrate that a complementary part of the solution involves the fluid-structure interaction between the (thermally conducting) air inside the interconnected pores and the membranes that partially close them. Using finite element analysis on a periodic unit-cell local geometry model, experimental estimations of transport parameters, and high resolution imaging of real foam samples, we characterize the closure rate of membranes at the junction between interconnected pores. We find that the presence of non-closed membranes between pores effectively corresponds to the introduction of a second set of critical characteristic sizes, which governs the inertial effects and meanwhile enables a correct description of the thermal ones. For an increasing rate of semi-open membranes, because of the fact that the throat size reduces, then the length K, which has been identified as a weighted volume-to-surface ratio for the porous medium diminishes, whereas the infinite tortuosity factor a 1 increases as a result of strong cross section changes. 4 An increasing membrane closure rate promotes the emergence of a stronger contrast between two distinctive critical characteristic sizes inside one periodic unit-cell, the size of a pore itself and the size of the interconnections between pores, which provides a scaling behavior of real polyurethane foam samples for both viscous and inertial effects. The presence of membranes also favors surface effects known to have a strong influence in transport phenomena such as diffusion controlled reactions. As characterized from the low frequency asymptotic behavior of thermal exchanges between the solid frame and the surrounding air measured in a standing wave tube, the trapping constants C ¼ 1/k 0 0 of the real foam samples tend to agree well with the ones simulated from the previously identified visco-inertial scaling behavior of the unit-cells. A combination of advanced experiments and detailed numerical modeling of fluid-structure interactions at the pore scale reveals the basic microstructural features behind transport phenomena and shows quantitatively how these thin elements are crucial to the correct microstructural description of long-wavelengths acoustic waves' propagation and dissipation in real foam samples.
II. MATERIALS AND METHOD
A three-dimensional cellular solid or foam is an interconnected network of solid struts or plates forming the edges or faces of polyhedra, which pack to fill space. Foamed or cellular solids may be classified according to the type of cell structures: open-celled if the solid of which the foam is made is contained in the cell edges only, closed-cell if solid membranes close off the cell faces too. In many types of foams, this thin skin framed by thicker edges is partially open and partially closed. Carefully controlling the closure rate of membranes at the junction between interconnected pores allows for the fine tuning of foam transport and acoustical properties. When an acoustic wave propagates through an air saturated porous media having a motionless and isothermal skeleton, the frequency-dependent interplay between viscosity and inertia, and thermal conduction produce a spatial gradient of fluid velocity and temperature; and the shear combined with heat transfer between successive layers of fluid causes compression wave attenuation. 5 The characteristic lengths of the compression waves a)
Author to whom correspondence should be addressed. Electronic mail: camille.perrot@univ-paris-est.fr. created by an oscillating body in which the main visco-inertial and thermal dissipation processes occur are the viscous and thermal boundary layers. They, respectively, scale as ffiffiffiffiffiffiffiffi ffi =x p and ffiffiffiffiffiffiffiffiffiffi 0 =x p ,inwhich ¼ g/q 0 is the fluid's cinematic viscosity, 0 ¼ j/q 0 C p is its thermal diffusivity, x is the angular frequency of motion; and where g is the fluid's dynamic viscosity, q 0 is its density at rest, j is its thermal conductivity, C p is the specific heat at constant pressure. For small perturbations, because the wavelength k of the incident compression wave greatly exceeds the typical pore size D of the motionless porous media at audible frequencies, visco-inertial motions, and thermal conduction can be decoupled within a pore. On the other hand, the elastic behavior of the solid matrix may be subsequently incorporated as an additional pressure source term for the fluid flow. The viscous forces at low frequencies (Stokes flow), inertial forces at high frequencies (potential flow formally identical to electric conduction), and thermal conduction at low frequencies (similar to diffusion-controlled reactions) together determine all the transport parameters within a porous material.
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Although ligament lengths distributions can be measured directly from microscopy analysis techniques, 3 a quantitative appreciation of the critical size governing lowReynolds number hydrodynamics in real foam samples can be obtained from the associated permeability (Fig. 1) . When a viscous fluid moves through a three-dimensional periodic local geometry model of opened-cell solid foam structure, the ligament length of the unit cell with the same average permeability is always lower or equal to the average length measured from microscopy analysis. One might therefore expect a significant local geometry feature for the real solid foam samples omitted in the model. Indeed, a careful observation of the real foam samples microstructure from micrographs may reveal residual solid films (at the periphery of the foam ligaments). Because we computed the permeability for three-dimensional periodic unit cells that lacked solid films, the corresponding ligament's length value is about a half of the typically reported foam from micrographs on non-fully reticulated real foam samples. We note that these solid film contents are also significant on other transport parameters related to inertial flow and diffusion-controlled reactions. The large differences between the transport parameters for an open cell and for a partially closed-cell of threedimensional local geometry models with identical viscous permeability reveal the striking role that solid films in real polymeric foam samples may play in the visco-inertial and thermal dissipation processes involved during acoustic wave propagation in polymeric foams at audible frequencies.
The first-principles calculation procedures of transport properties from a non-dimensional unit cell have been described. 3 Although audible frequency sound waves propagating through air-saturated rigid porous media may be sensitive to a large range of local geometry characteristic sizes, their frequency-dependent macro-behavior is essentially determined by visco-inertial asymptotic transport parameters and their thermal counterparts. To estimate these transport parameters, we constructed a microstructure model of a solid foam unit-cell with air as a Newtonian viscous and thermally conducting filling liquid, preserving the scaling between the physical quantities of importance in the low-frequency asymptotic behavior (porosity and quasi-static viscous permeability). A simplified three-dimensional local geometry model of the opened-cell structure of polyurethane foam samples in which Stokes equations were solved was used to provide the initial characteristic ligament length estimate, L c .A solid film was implemented at growing rates of Dd ¼ d max /20, while the unit-cell was rescaled to account for the film frictional forces, until ligament length L is converged (Fig. 2) . We estimated the transport parameters for the non-fully reticulated models of the polyurethane foam samples, which are in much better agreement than the ones computed without The first-principles calculation procedures of transport properties from a non-dimensional unit cell have been described. 3 Here, this iterative procedure illustrates the importance of porosity /,p e r m eability k 0 ; and average ligaments length L m measurements from which all the macroscopic parameters of interest for a real cellular solid with solid film content are computed without any adjustable constant. The reported macroscopic parameters are computed with a closure increment Dd ¼ d max /20, and a relative difference between modeled and measured ligament lengths e ¼ 2%.
solid films compared to standing waves tube measurements (Table I) . This agreement demonstration confirmed that even a very small content of solid films plays an important role in the overall visco-inertial and thermal dissipation phenomena, indicating the importance of this particular local geometry feature in the identification of a representative unit-cell.
Viscous transport becomes dominant in the low frequency regime and inertial transport becomes dominant in the high-frequency regime of long wavelength acoustic wave propagation in rigid porous media. To quantify these transport properties as a function of cellular morphology, a finiteelement model in which we could manipulate the solid-film content of the cellular structure while explicitly representing the velocity field in and around the cellular morphology was used. The models have about 400 000 degrees of freedom and rigorously resolve the liquid motion in the pore structure of non-fully reticulated polymeric foams as well as the temperature field outside the polymer films.
Due to the periodicity of the unit cell, 12 Â 1/4 solid films are not lying along the faces of the polyhedron, contrary to the 14 remaining ones (Fig. 2) . Here, the solid film thickness t over ligament thickness 2 r was mainly set to a constant ratio, t/2r % 1/20. The porosities were therefore reduced to less than a percent when the solid films were implemented. The finite element model with solid films replicated the thermal length (mesh quality), when calculated with a geometrical model (analytical solution). Unlike the elastic properties in the deformable solid frame model for which the solid film thickness effect is strong, the film thickness in this instance does not affect the transport coefficients.
III. RESULTS AND DISCUSSION
First, we examined the model including only viscoinertial dissipation effects for non-elongated unit-cells through their corresponding transport parameters, the quasistatic viscous permeability k 0 , the viscous characteristic length 4 K, and the tortuosity 4 a 1 . In Fig. 3 , we plot the variation of the three asymptotic parameters K, a 1 , and k 0 0 for partially closed-cell models as a function of the closure rate of membranes d/d max . Since at d/d max ! 1 the throat tends to pinch off, a 1 tends to diverge, and the values of K tend to T s . Adding to the open cell model, motionless solid films strongly increase a 1 and reduce K. It is noted that specific values for the closure rate of membranes d/d max may be chosen such that the ligament lengths of the non-fully reticulated unit-cells will match the average value of the experimental measurements performed on optical micrographs (L ¼ L m ).
Using a transfer function method for measuring the characteristic impedance and propagation constant 6 of the real foam samples from a standing wave tube (the corresponding dynamic viscous and thermal permeability k(x) and k 0 (x) were calculated) allowed us to calculate the dynamic density and dynamic bulk modulus of the materials, some quantities that could be directly compared with Johnson et al. 4 and Lafarge et al. 7 models. Assuming porosity / and quasi-static viscous permeability k 0 known from direct non-acoustical measurements, an experimental estimation of K, a 1 , and k 0 0 was obtained from the analytic inversion of the models. 9 With no adjusted constant, the computed transport parameters corresponding to the aforementioned specific values of membrane closure rates are in good agreement 
The porosity / and viscous permeability k 0 are experimental data of the real foam sample, taken as input parameters for scaling the local geometry model, by solving Stokes equations in the periodic three-dimensional microstructure. This provides initial ligament lengths L and thickness 2r of the isotropic unit-cell. Then, the generalized hydraulic radius also known as the thermal characteristic length K 0 is deducted from integration over the scaled unit-cell. All the other macroscopic parameters are derived from first-principles calculations. [2] [3] [4] Furthermore, an iterative strategy is used to increase the closure rate of membranes. With no adjustable parameters, the iteration counter is stopped when the ligament length of the membrane-based three-dimensional local geometry model is comparable with the measurements obtained from standard micrographs.
Foams
Method with experimental characterization data. Adding to the threedimensional local geometry model a closure rate of membranes, rather than no solid films, introduces an accurate description of the throat size area, which is critical to the determination of K and a 1 . Consequently, this provides us with a cellular morphologically based method for the identification of the second critical linkage dominating, at highfrequencies, the dynamic viscous permeability (from the knowledge of the first critical linkage dominating, at lower frequencies, the dynamic viscous permeability). Let k c and a c be the two scaling parameters 2 for the real and non-fully reticulated foam samples, k(x) is thus expected to be entirely determined by simple measurements of /, k 0 , and L m (since k c ¼ k 0 and a c derives from our cellular morphologically based method).
Next, we considered more thoroughly the evolution of the thermal permeability k 0 0 ¼ 1/C as a function of the closure rate of solid membranes d/d max , a quantity related to the pore space diffusion. 8 In this regard, it is not clear whether the above quantity provides an accurate description of the pore geometry. Indeed, contrary to k 0 , K and a 1 ; k 0 0 is not directly related to connectivity of the pore space. If the links between the pores were gradually eliminated by solid films, the permeability would rapidly approach zero while the value of k 0 0 would not be greatly affected.
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Because pore sizes increase with membrane closure rates whereas throat sizes decrease for a given non-zero static viscous permeability k 0 , diffusion-controlled reactions progressively become very sensitive to the wetted surface area of solid films. As the pore links subside, the k 0 0 coefficient provides the most accurate probe to solid film content of the real porous structure (Fig. 3) . It is helpful here to restate that the diffusing particles corresponding to a scalar field move randomly and explore the three-dimensional porous space without any privileged directions. This is to be contrasted with the visco-inertial transport parameters k 0 , a 1 , and K, which relate to vector fields and favored directions. Therefore, for connected pores, the k 0 0 coefficient gives a better estimate of the membrane closure rate for a cellular solid containing solid films. This remark is corroborated by the periodic homogenization and consistent estimates of transport parameters through polyhedron packings modeling study (Sec. V D). 11 It should be noted that Ref. 12 give an evaluation for k 0 0 based on acoustic experiments that, when combined with using direct measurements on two-dimensional or threedimensional images are not yet established, however, and is thus beyond the scope of this paper.
In conclusion, because all parts of the motionless disordered network of struts or plates forming a real cellular solid with the air as filling phase do not play the same role in the overall frequency-dependent response function, with a long wavelength acoustic signature governed essentially from the low and high frequency asymptotic regimes, most microstructural details inside the real foam samples are inferred from simple measurements of open porosity, permeability, and ligament lengths. Although solid films might be thought to be non-significant details, the cellular solids microstructure actually involves membranes in visco-inertial and thermal energy dissipation, making it critical for the multi-scale modeling process to design solid foams with tailored transport properties. The enhanced fluid-structure interface due to solid films even suggests static thermal permeability as an asset by using it as a simple means of characterizing the closed pore content of real porous media.
